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Introduction
The Navy Mark V chemical, biological, and radiological (CBR) gas masks evaluated in this expedient assessment were supplied by the Los Angeles County Emergency Medical Services Agency (EMSA). EMSA had obtained 2000 masks and 10,000 vacuum-packed filter canisters packaged in original, unopened boxes (dated 1984) . The masks were given to EMSA Emergency Response teams for use in early 1997. The purpose of this study was to evaluate, after 13 years in storage, the amount of protection the masks would provide, as well as their physiological effectiveness, including their visual capability and breathing proficiency during heavy workloads. Acoustic capability was not addressed because the mask does not cover the ears and would therefore have no effect.
The three Mark V respirators evaluated in this study had a molded medallion under the forehead strap tabs marked February 1984. It was not known whether the masks were new or reconditioned after manufacturing due to slight scuff marks found on the face pieces and lenses. It was originally assumed that the masks had been reconditioned after their manufacturing. In 1984, the Navy explored the possibility of adding a nosecup to this mask but no nosecups were present in the masks used in this study. A report (Chambers, 1984) surveying the effects of age with shipboard storage indicated that the Mark V lenses, at least 17 years old, turned yellow to orange in color. The older masks also had a tendency to take the compression set of both the face piece and lens because they were folded during storage. Because the three masks supplied for testing did not outwardly show these characteristics during their known 13 years in storage, this supported the assumption that the masks were new. Figure 1 shows the Mark V nuclear, biological, and chemical (NBC) protective respirator. It is mounted on the head with a five-strap harness and buckle system with only the bottom two straps being adjustable while wearing the mask. A seal is formed around the face by a hollow tube, internally molded within the perimeter of the mask. There is a single lens made of a clear plastic material. The mask lacks a nosecup, but there is an exhalation valve directly in front of the mouth with inhalation valves on both sides within the metal filter canister mounting disks. Each filter canister has a 0.5-in-wide rubber mounting/sealing toroidal gasket fastened to the outer edge of its posterior surface that stretches over a large metal mounting plate to attach the canister to the mask. The internal edge of the rubber gasket is loose.
Methodology
The volunteers used as test subjects in this evaluation were well-conditioned 19-year-old males weighing ~80 kg and were 1.85 m in height. The tests were conducted in an air-conditioned laboratory where the temperature was maintained at 21 °C. The testing was conducted in compliance with an approved human-use protocol. 
Physiological Testing
The physiological portion of the procedure consisted, in part, of a series of standard tests used to evaluate mask performance and to determine if any visual degradation was caused by wearing the mask (North Atlantic Treaty Organization [NATO] Army Armaments Group, 1977) . Two tests were conducted to determine if the lens of the Mark V respirator had any effect on the color acuity of the wearer due to either aging or construction. Color acuity was evaluated by the Farnsworth-Munsell Dichotomous Test for Color Blindness, which uses a series of 15 colored caps that the subject must arrange in the correct color sequence (Lakowski, 1969; Whitcomb and Benson, 1996; The Psychological Corporation, 1947) and by Ishihara's Test for Color Blindness (Kanehara and Company, 1920) , which consists of a book of plates displaying a number that the subject must discern within a specific color pattern. The Howard-Dolman Test (Armstrong, 1943; Howard, 1919) was used to determine the effect that the distortion or material degradation of the lens might have on depth perception by having the subject attempt to align two movable arrows from a distance of 6 m. While wearing the mask, static visual acuity was determined by having the subject read the standard Snellen charts (Westheimer, 1981; Snellen, 1862) which are commonly used in clinical visual testing. Any deviation from the unmasked baseline measurement of the subject would be an indication of visual distortion caused by the lens. Glare from light hitting the lens could also present a problem; therefore, the subjects' contrast sensitivity was also tested while wearing the mask using the Pelli-Robson chart (Metropia Ltd., 1989) .
Finally, the visual field and Esterman field were measured with the Marco Perimeter, a hemisphere around which a small moveable light can trace a subject's visual limits (NATO Army Armaments Group, 1977) . Separate measurements were taken for each eye, except for the Esterman field, which was done with binocular vision. The visual field test determines the extent to which the mask reduces the total visual field, both peripheral and binocular. The Esterman Field test measured the visual ability across the full visual field. Values were calculated as percentages of the normal fields when the subject did not wear a mask. Figure 2 shows the various measurements that were taken. The peripheral field is the overall field of view while the binocular field is the overlapping intersection of the fields of view for both the left and right eye. The lateral, inferior, and medial efficiency indexes (Weiss, 1991; NATO Armaments Group, 1977) were measured for the right eye from 70 to 135°, from 135 to 180°, and from 250 to 310°, respectively. The specific visual efficiency indices were calculated as a percent of the normal field for the same degree wedges. A second physiological evaluation was performed to measure the potential build-up of carbon dioxide (CO 2 ) within the mask during exercise. While wearing a mask, the subject would pedal a Monark stationary bicycle for 10 min with a braking resistance of 1.0 kilopond (kp) and another 10 min at a braking resistance of 2.0 kp. A mask internal air sample was continually extracted through a hollow plug inserted in the lens of the mask and directed through an Ametek Model CD3A gas analyzer to determine CO 2 concentration. The percentage of CO 2 was averaged and recorded every minute.
Fit Factor
This test determined if the mask was leaking by comparing the concentration of a mineral oil aerosol within the mask to its concentration outside the mask in the surrounding ambient air environment. This ratio of inside concentration to outside concentration is known as a "fit or leakage" factor because it makes no judgment of the toxicity of the material being measured. If the toxicity of the aerosol and its physiological threshold concentration were known, it would be a protection factor.
Testing used to determine the fit factor of the masks was done using the TDA-99D Mask Leakage Detector made by Air Techniques, Inc., Owings Mills, MD. Leakage tests were conducted both statically and dynamically using Emory 3004 aerosol with the Mark V respirator placed both on a face-form (static method) and on a human subject (dynamic method). With the mask mounted on the face-form, a vacuum was created inside the face-form at the rate of 15 L/min. Using a wand emanating the aerosol, a narrow spray of Emory 3004 was directed around the peripheral edge of the mask and then over each component of the mask. Any mask penetration was pulled by a vacuum through a sensor and recorded by the detector. The narrow stream emitted from the wand made it possible to pinpoint locations of any leaks in the mask. The second test to determine the fit factor of the mask was performed under a hood into which the Emory 3004 aerosol was released. A human subject would then stand within the hood while wearing the Mark V respirator and perform the following series of exercises for 1 min each:
• Breathe normally.
• Breathe deeply.
• Move head from side to side.
• Move head up and down.
• Recite the "Rainbow Passage."
• Perform facial expressions.
• Look up and move head from side to side.
• Jog in place.
Air samples were continually extracted by a vacuum through the same narrow plug in the lens of the mask. The percent penetration readings were recorded for each activity and later converted to determine fit factor.
Results
Physiological Testing
The results of the vision testing are presented in Table 1 . The Farnsworth-Munsell Test and Ishihara Test were each passed without error by both subjects. Negligible differences were found between the baseline and masked conditions during the depth-perception testing. Visual acuity and contrast sensitivity were also unaffected by the mask. Reductions were discovered in the sizes of visual and Esterman fields of view. The visual field and Esterman field results are given as percentages of the normal, unmasked fields of view.
The CO 2 testing did show an accumulation of CO 2 in the mask during heavy exercise, as recorded in Table 2 . Subject A voluntarily stopped the test after 6 min when the inhaled CO 2 level reached 2.65%. The CO 2 concentration for Subject B reached a high of 1.49% after 8 min of exercise, but it then appeared to drop, even though the workload was increased after the first 10 min. While no acoustic testing was done on the mask because the ears were not covered and the mask contained a voicemitter in front of the mouth, it was observed that a voicemitter in one of the masks tested contained at least three moderate wrinkles in its diaphragm. These wrinkles would impede clear communication as a result of the slackness in the diaphragm. Figure 3 illustrates the locations where leaks were found in three Mark V respirators using the face-form leakage detector. In mask no. 1, leaks were found at the top of the face seal, at the top of the lens where the lens meets the mask, at the bottom of the face seal, at the exhalation valve, and at various spots around the canister-mask connection. Mask nos. 2 and 3 also showed leaks at the exhalation valve and around the rubber mounting/sealing gasket of the filter canisters, and mask no. 3 showed an additional leak at the top of the lens. This part of the fit factor testing pinpointed where the problem areas of the mask were. The human testing conducted under the hood showed the cumulative effect of all the leaks in each mask. Table 3 compares the test results of each mask conducted on a single human subject. The fit factor numbers were converted from the raw concentrations of aerosol displayed by the TDA 99D. The averages shown in Table 3 represent the geometric mean of the values of the nine exercises when each mask was worn. Mask no. 2 had a geometric mean of 0 because exercises 4 and 6 had a reading of 0.
Fit Factor
Discussion
The Mark V respirator has very little effect on the visual capability of the wearer. The most significant problem with regard to vision is the reduction in the size of the visual fields of view. While wearing the mask, the size of the overall visual field is reduced to <70% of the normal unmasked field. This is a significant decrease; however, it is not nearly as severe as some of the masks that are in use today. The most problematic aspects of the visual field are the binocular field and the inferior field, or downward-looking region. The filter canisters protrude into the field of view, limiting sight below the nose line. Fogging did not present as much of a problem as would have been expected considering the lack of a nosecup. One subject complained of fogging during exhalation due to the high humidity of the exhaled air, but the mask immediately defogged in a cyclic manner once fresh, less humid air was inhaled.
The most critical physiological problem with the mask occurred during exercise when the level of CO 2 increased. Subject A exhibited breathing difficulty after the mask accumulated CO 2 levels of ~3%. Fogging also became an increasing problem due to the saturated warm exhaled air accumulating inside the mask causing condensation on the cooler lens. In this case, the test was stopped after only 6 min due to breathing difficulty. The second subject did not encounter as severe a problem with increased CO 2 levels, possibly because the mask did not have a tight seal. After reaching a high of 1.5% at ~8 min into the test, the CO 2 level actually began to subside. This is possibly due to an accumulation of sweat around the face seal, which facilitates the exchange of gases between the environments inside and outside the mask.
The physiological problems of the mask become irrelevant when one sees the results of the fit factor tests. According to these results, the wearer of this mask in a toxic environment would probably be incapacitated before he or she had to worry about vision or prolonged exercise. The current U.S. Army requirement is a fit factor of 1667 as a minimum standard for gas masks (King, 1983) . The Mark V respirator did not meet this standard even during quiet breathing. The primary problem areas of the mask appear to be the exhalation valve and the canister connections. Rather than using threaded filter canisters, the Mark V respirator uses filter canisters that are held to a mounting plate by an attached rollable rubber mounting/sealing gasket. When these rubber gaskets are relatively new, they may provide adequate protection against leakage. However, as the gaskets get older, as seen by all three sets of filter canisters used in this evaluation, they could crack and leak. The problem with the exhalation valve could be due to one or more of several reasons: (a) loss of stiffness with age allowing the valve to prolapse, (b) turbulent backflow or, (c) a simple design flaw.
The face seal of the mask, by itself, appeared to be adequately functional when tested on the faceplate of the TDA 99D mask leakage detector, but this seal could very well have been broken by the various head movements performed during the dynamic human fit factor test. Low-level leakage at the top-center of the face piece, top center of the lens, and bottom center of the face piece in mask no. 1 suggested that a compression set had begun because it was folded during storage. When the three masks evaluated were removed from their original packaging at the beginning of this study, they were mounted on a stiff cardboard three-dimensional (3-D) frame in their carrier bags to prevent compression set during storage. This storage frame had a wide, flat central surface to preclude the mask folding in the center and thus should inhibit the compression set. There was no visual indication of the compression set in any of the masks during our initial inspection. The onset of compression set was only suggested in one of the three masks when a leakage test was performed. When the U.S. Navy conducted a survey on Mark V respirators aboard 10 ships (Chambers, 1984) , they found 52.2% of the 78 masks surveyed had slight to severe permanent compression set in masks 1-27 years old. Unfortunately, the data presented in Chamber's report did not indicate the ages of the masks showing a compression set, nor did they indicate if they were mounted on the 3-D frame in their carrier.
Before testing was even begun on the Mark V respirator, another problem was found with the filter canisters. After being sealed in a vacuum for so long (13 years), the rubber attachment gasket of one of the canisters split radially as soon as it was stretched over the mounting plate on the mask. Furthermore, the buckles on the straps used to hold the mask in place make it very uncomfortable to wear as well as being relatively difficult to tighten in comparison to other masks.
Conclusions
Overall, the results of this study indicate that the Mark V respirator does not provide sufficient fit factor protection to the user against toxic materials after 13 years in storage; the masks should be discarded or possibly used solely for training purposes when such compromised mask use is appropriate and acceptable. Because the Mark V respirator was designed without a nosecup, CO 2 has a tendency to rapidly accumulate within the mask. This dramatically affects the breathing capability of the wearer and limits his or her ability to work. Visual capability when wearing the mask appears acceptable except that the lower visual field of view is reduced.
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